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What are cold nuclear matter (CNM) effects?

Nuclear partonic structure multiple scattering in nuclear medium
(Nuclear PDFs, SRC, Neutron skin... ) (Parton energy loss, Cronin effect ... )

» CNM effects can be accessed in pA and eA collisions where no hot
medium forms

 CNM are a critical intersection point between low-energy and high
energy nuclear physics



Long standing problems of nuclear partonic structure

4+ One-dimensional nuclear partonic structure

Four Decades of the EMC Effect
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Long standing problems of nuclear partonic structure

4+ Three-dimensional nuclear partonic structure

Cronin effect  Naive Gaussian model
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How to probe the nucleon/nuclear partonic structure?

4+ Indispensable joint efforts from experiments and QCD theory

'QCD factorization theorem|

e —

Experimental Hard part Nucleon partonic structure
measurements controlled by pQCD theory b



Methodology for global extraction of PDFs

Fitting Framework

: 2 2
Construction of v, , from y;

=P | Minimization of )élobal
)(3 Construction

PDFs Evolution

PDF Parametrization |=» Hessian Matrix Uncertainties
nstru mplin 2 unction
CoeﬁiCient funCtiOns ponstructed sampling fhe )(globalf e PDF eigen vectors set

using Hessian Method

MC Sampling of parameter space: new parameters introduced



Recent efforts from NPC collaboration

4+ Nonperturbative Physics Collaboration, start from 2023
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Parton distribution function =~ ~ -
describes the probability of
finding a quark or gluon

4+ Parton fragmentation in vacuum at NLO and NNLO (2 PRL + 2 PRD)
4+ Parton fragmentation in ¢Te¢~ at N3LO (1 PRL)

4+ Parton fragmentation in CNM (appear soon)

4+ Proton spin structure (on going)



QCD “phase diagram” for nuclei

» Dense region: x << O(1)
Probing length A ~ 1/xp > L ~ A7

Relatively dense region: x S O(1)
Probing length A ~ 1/xp S L~ A3

-

Dilute region: x ~ O(1)
Probing length A ~ 1/xp < L ~ Al/3

-

In Q?




QCD factorization from dilute to dense region

Color Glass Condensate (CGC)
Wilson lines, nonlinear BK/JIMWLK evolution

See review: Gelis, lancu, Venugopalan, 2003

High-twist formalism

Multi-parton correlation, DGLAP-type evolution
Qiu, Stermann, 1991

Kang, Wang, Wang, Xing, 2014

-

Leading twist collinear factorization
PDF, DGLAP evolution
Collins, Soper, 1981

-

In Q?




A unified factorization from dilute to dense region

Y = In—

-

4 Photon production in pA collisions

NS N N

L.

Parton density increa‘

Fu, Kar

Fu, Kar

d 0.T4

-E
}’d3p7

leading twist  twist-4

g, Salazar, War

g, Salazar, War

g, HX, PRL 2025
g, HX, PRD 2025
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Global analysis of nuclear TMD

4+ Transverse momentum dependent PDFs (TMDs)

Sp

f(CIZ) f(x7kJ_)

Collinear PDFs — Transverse momentum distributions (TMDs)

® Probing nucleon 3D structure requires two momentum scales

e Hard scale O, > 1/fm localizes the probes (particle nature
of quarks/gluons)

e Soft scale O, ~ 1/fm accesses the transverse motion of
quarks/gluons SIDIS: Q>>P;
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Global analysis of nuclear TMD

4+ From collinear (1D) to TMD (3D)

® RAB _ dO’A/dO'B

-ET772
-Prelim. RHIC

SIDIS Measurements

k

® Multiplicity ratio R} = M, /M,? :

-HERMES 2007
-Prelim. JLab
-Planned JLab
-Possible EIC.

T
xP/‘

Collaboration

Process Baseline

Nuclei Ny, ¥

HERMES [36] SIDIS (#) D

RHIC [44] DY p Au 4

E772 [42] DY D

Ne, Kr, Xe 27 16.3

2.0

C,Fe, W 16 20.1

E866 [43] DY Be Fe, W 28 433
CMS [45] »/Z  NA Pb 8 97
ATLAS [46] 7*/Z  NA Pb 7 131
Total 90 105.2

CMS 5 TeV
N ATLAS 5 TeVAN /\ /\

ES66

E772

RHIC

EIC

HERMES

JLAB 12 GeV l

l
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Reasonable good overalldescriptionon world data from HERMES, FNAL, RHIC, LHC

Global analysis of nuclear TMD

Alrashed, Anderle, Kang, Terry, HX, PRL 2022
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Three-dimension imaging in nuclel

Dy)r('ﬁ/u (Z7 Pl, QO)
D7r+/u (Z7 Pl, QO)

* First time quantitative determination of nuclear TMDs
* |dentification of transverse momentum broadening in nuclei

Alrashed, Anderle, Kang, Terry, HX, PRL 2022
Alrashed, Kang, Terry, HX, Zhang, 2312.09226
Zhou, Kang, HX, 2606.xXXxXXX
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Global analysis of jet transport parameter in CNM

4 Transverse momentum broadening in nucleus

ABr) = Br)es — (Br)ep = (‘W% z) €400 (@, 0, 0Dy, g (20)
2y i}

YA
N, "

Jet transport parameter: T,,(x5,0,0, u*) ~ yPC, fora(zp, 1) / dy~q(p°, y~)

SIDIS off nucleus DY in pA Heavy quarkonium in pA




Global analysis of jet transport parameter in CNM

Optimal §(x, Q%)

4(x,0%) = 3oa5(QH)x*(1 — x)P[In(Q%/Q3)]" |
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Ru, Kang, Wang, HX and Zhang, PRD 2021; 2302.02329
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Gluon density in CNM is not a constant and order of magnitude smaller than QGP!

16



Global analysis of jet transport parameter in CNM
Ru, Kang, Wang, HX and Zhang, PRD 2021; 2302.02329

Optimal §(x, Q%) 7

MART — McGI1ll-AM
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4(x, Q%) = §oas(QH)x*(1 — x)P[In(Q?/Q3))"
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Large-x region
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Go = 0.0191+ 0.0061 GeV?/fm. a = —0.182 + 0.050
B=-2.85+1.87, ~=0.264+0.169.

Au+Au at RHIC
Pb-ejb at LHC
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Jet transport at CEP? Talk by M. Huang

17



Neutron skin

4 Woods-Saxon nuclear distribution
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Neutron skin from

4+ Current knowledge on neutron skin — R —
¢ AR, =R,—R,
TABLE I. Values of the neutron skins in ?°®*Pb from a variety of experimental methods.
Type of measurement Extracted neutron skin in “°°*Pb
Proton-nucleus scattering 6] 0.083 - 0.111
Proton-nucleus scattering (7] 0.20 £+ 0.04
Polarized proton-nucleus scattering (8| 0:16 = 0.05
Polarized proton-nucleus scattering 9] 0:211 *50as
Pionic probes [10] 0.11 £ 0.06
Coherent m photoproduction [11] 015 =£:0.037 502
Coherent 7 photoproduction [12] 020 *3 %
Antiprotonic atoms [13] 0.20 (£ 0.04) (£ 0.05)
Antiprotonic atoms [14] 0.16 (4 0.02) (& 0.04)
Antiprotonic atoms [15)] 0.15 +:0.02
Electric dipole polarizability [16] 0.13 - 0.19
Electric dipole polarizability [17] 0.165 (40.09)(£ 0.013) (£0.021)
Electric dipole polarizability
via polarized scattering at forward angle [18] 0.156 Faos-
Pygmy dipole resonances |22 0.18 + 0.035
(.00 GDR 120 Mo\ 23 e 010 0 00—
,l/ parity-violating electron scattering[19] 033 255 \l
dl\ parity-violating electron scattering|20] 0.283 + 0.071 1

~ — —— — — _— —_— — -

e e ——— — e — —_— e = - S -

crucial for constraining the fundamental properties of cold nuclear
matter and the equation of state of neutron star
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Neutron skin from

4+ A new proposal in deep inelastic scattering at EIC
Zhang, Wang, Wang, HX, 2506.10694

Linking physics phenomena at both low and high collision energies
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Neutron skin from

4+ Using PDFs to tag flavor information of nucleon

2.0

CTI18 at 2 GeV
—

10° 10% 102 107 10! 02 05 09

* Correlation between struck nucleon and PDFs using isospin symmetry
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Neutron skin from

4+ Jet charge in deep inelastic scattering

0.7r l ] — ,
| | i —o— ¢A -4 ep(A) -+ en(A) |
* TMD factorization 0.6f ; :
- eA,y/s =105 GeV P i
do_ 5 05:_ anti-kp, R = 1.0 4 ,-)x;\\ h et _:
— Zz 63?7’ fz/A (IE, bT)SJ(bTa R) S - P} > 10 GeV 3 /% Q\f“- |
dQJ =~ 0.4 A 5
ab B e
= a
XHei—)ei(Q)gi(QJa pi]“R) }a § |

P\ |
T i

=3 () @ .

hejet Pr

Intrinsic correlation between final-state jet charge distribution and
Initial-state partonic distributions in nucleons
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Neutron skin from

4+ Centrality-dependent nuclear modification A%l = doC/dzdQ;
T doMB /drdQ
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* Positive (negative) jet charge suppression (enhancement) in e+Pb collision

* A proxy for the spatial position of the struck nucleon within the nucleus
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Neutron skin from

4+ Centrality-dependent nuclear modification: double ratio

R0, <-0Q) doC 1dxdQ,| o< 0. deMBdxaQ,) s Zhang, Wang, Wang, HX, 2506.10694

N = Re > C MB

(x, 0y 2 0,) do /ddeJ\QJZQC do /ddeJ\QJS_QC

1.4_ N ! N we o f ) I L ! T il
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. — AR, = 0.15+0.03 fm ] 1.3} «r= e+Pb 60-80% * etRu  1=0.05

1.3; — AR, ~0.28+0.071 fm H - == c+Pb 80-100%
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 Jet charge distribution in eA DIS: a novel probe for high precision
determination of neutron skin thickness
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Neutron skin effect in HIC

Zhang (5K#%) et al., 2510.07816

ZDC| @

[
LK J

AN

Number of Spectator Neutrons

neutron skin effect for spectator —
neutrons In super-central collisions " = PR
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0. - lO!ll - 10}21 - 10!31 o 10.4
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Neutron skin effect in HIC

y

A

neutron skin effect for pion asymmetry
INn peripheral collisions

Zhang (5K#%) etal., 2510.07816
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electron
<10"°cm

proton
(neutron)

" ~10"%cm
atom~10 "¢cm

Gold Foil 1 9 1 1
a -Particle

emitter
E, ~ SMeV

Detecting Screen

Rutherford scattering Aot

q=1GeV
Ar=0.2 fm

Probing nuclear structure at different scales Iin high energy scatterings
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Backup

4 Nuclear PDFs

b A n/A
fisa(m, usb) = 728 214 (z, ) + TAQ £/ (, )

Thickness function: T'4(b) = [ dzpa(r)

4+ Woods-Saxon parameters

TABLE I. WS parameters and neutron skin thickness for
25°Pb, 33Ru and 79Zr used in our numerical calculations.

nucleus ¢, [fm]| ap [fm]| ¢, [fm]  a, [fm] ARy
22°Pb [7]  6.68 0.448 6.69 0.448 0 Pos
2%Pb [7] 6.68 0.448 6.69 0.5661 005 0.15+ 0.03 Prp(T) = r—cn.p

2°8Pb [10] 6.68 0.448

6.69 0.654700%c 0.284+ 0.071

1—|—exp( -

2aRu [21] 5.06 0.493 5.075 0.505 0.03
ZSZr 21] 4.915 0.521 5.015 0.574 0.16




Nuclear partonic structure - 3D imaging

4 TMD factorization for cross section

do” ° bdb . [ bP
dXdQ2 dZ d2PhJ_ = g H(Q Z / _]O ( = > fq/n( b7 Q) Dﬁ/q(z, b, Q)
4+ TMDs

f;/n(x, b; Q) — :C4<—i ® .ﬁjn] (x7 ub*) €XPp {_Spert (ﬂb* ; Q) — Sjl:TP (b, Q,A)}

1 ra-
D‘];l/q (Z, b; Q) — Ci(—q X Dll;l/z] (Za Hp., ) eXPp {_Spert (ub* ; Q) _ SgP (b7 <y QaA)}

¢ L

Our assumptions

® Perturbative information is left unchanged by the nuclear medium.
Cyi, Ci—g, and Spert are unchanged.

o Non—perturbative information is modified.
i s DA SRp, and S4 are altered.
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Nuclear partonic structure - 3D

* TM DS f;/n(xa b; Q) — :Cq<—i & f;f}n] (x7 Nb*) EXp {_Spert (Nb* ; Q) — S{:TP (b7 QaA)}

Djyg(2,5;0) = =5 |Cicq ® D] (2, Ms.) exp {—Sper (1o, @) — SRp(6,2,0,4)}

Collinear Distributions
We use the EPPS16 parameterization for f;‘}n (NLQO). EPPS,EPJC 2017

We use the LIKEn parameterization for D}, (NLO). zurita, 2021

Perturbative order in our analysis
Work at NLO+NNLL for the TMDs.

Non-perturbative parametrization
Slip (b, Q,A) = SLp (b, Q) +ay (A2 — 1) b°

2

SR (2.5, 0,4) = SR (2,5, 0) + by (472 —1) %

22
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Generalized factorization formalism

perturbative expansion

. * Nuclear enhanced power correction
s = 220 +alCM + 020 +...| @ Ty(z) J. Qiu, G. Sterman, NPB 1990
+ L1a%CO 4 alo® 4 020® 4 leTy@) U QU X Luo, PRD 1998
Jower expansion ?- o Kang, Wang, Wang, HX, PRL 2014
v IQQ [04304 + a,C; 7 + asC) —I—...]®T4(a:) | \ A1/3
+ ... Q)2 ’ Q2

. Only one hard scale: 07

* High twist collinear factorization - nuclear modification from multiple scattering
o SIDIS: A direct probe of the nuclear quark-gluon quantum correlation

Altr) = {ir)en = (Bir)ep = (4 ) i 1A )
hT hT e hT/ep N, h Zq egfq/A(:pB)Dh/q(zh)

. . d B 1T 1 N d —d > 1T 2  —Yo 1T3 ” = = =
o Twist-4 matrix element: Tu(a1,z2,25) = [ 5 e / L2 gian v ) einsn v gy )0y — )

X (Alhg(0)y* F (y5 ) F7 (y1 )be(y7)|A).
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